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Antiferromagnetic insulators (AFMI) are robust against stray fields, and their intrinsic 
dynamics could enable ultrafast magneto-optics and ultrascaled magnetic information 
processing. Low dissipation, long distance spin transport and electrical manipulation of 
antiferromagnetic order are much sought-after goals of spintronics research. Here, we 
report the first experimental evidence of robust long-distance spin transport through an 
AFMI, in our case the gate-controlled, canted antiferromagnetic (CAF) state that appears 
at the charge neutrality point of graphene in the presence of an external magnetic field.  
Utilizing gate-controlled quantum Hall (QH) edge states as spin-dependent injectors and 
detectors, we observe large, non-local electrical signals across a 5 µm-long, insulating 
channel only when it is biased into the ν=0 CAF state. Among possible transport 
mechanisms, spin superfluidity in an antiferromagnetic state gives the most consistent 
interpretation of the non-local signal’s dependence on magnetic field, temperature and 
filling factors. This work also demonstrates that graphene in the QH regime is a powerful 
model system for fundamental studies of ferromagnetic and antiferromagnetic spintronics. 
 
 An important goal of spintronics research is to identify mechanisms that minimize 
dissipation in devices that seek to exploit the action of spin currents.  In magnetic insulators, 
spin-currents can be carried dissipatively by magnon quasiparticles1-3. In the case of systems 
with easy plane magnetic order, they can also be carried collectively in the form of 
dissipationless spin supercurrents4-9. While magnon transport is much less efficient in an ideal 
antiferromagnetic insulators (AFMI) than that in ferromagnetic insulators in the absence of a 
thermal gradient, spin superfluidity is theoretically expected to be a possibility in both cases. 
Although the potential of AFM materials5,6,10 as active spintronic components that can be !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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electrically manipulated has been recognized11, and important progress has been made in 
demonstrating theoretically expected properties10,12-16, spin transport through an AFMI thicker 
than ~10 nm has yet to be demonstrated.  
 In a parallel thread of scientific progress, monolayer graphene has emerged as a versatile 
platform to investigate quantum Hall (QH) physics. In strong magnetic fields, the approximate 
SU(4) spin-valley invariance symmetry is frequently broken, giving rise to gate tunable order17-
38. For example, whereas states at Landau level filling factor ν=±2 do not have broken 
symmetries and support two co-propagating chiral edge channels with opposite spins, states at 
ν=±1 are spontaneously spin-polarized and support a single spin-polarized chiral edge channel. 
The ν=0 state of neutral graphene is particularly interesting because it has no counterpart in the 
traditional GaAs-based quantum Hall systems, and is a true insulator with no edge states and 
longitudinal and transverse resistances that diverge in the low-temperature limit. The consensus 
emerging from experiment is that the ν=0 state is a canted AFM, with nearly opposite easy-plane 
spin polarizations on graphene’s two sub-lattices24,34. However, a direct demonstration of the 
AFM order has been missing prior to the present work. 
 Because of its gate-tunable magnetic order and its extremely weak spin-orbit coupling, 
high quality graphene in the QH regime has been proposed as an attractive model system for 
fundamental spintronics studies9,39. In this paper, we implement the proposal made in ref. 9, 
using the ν=0 state of graphene as the AFM insulator and combining the ν=-2 and -1 states to 
realize spin injectors, and detectors. We detect a large non-local voltage signal, up to 300 µV, 
that is transmitted ~ 5 µm across the AFM insulator. The signal disappears when filter regions 
are tuned away from ν=-1 where they supply spin-dependence. Both the magnitude of the non-
local signal and the transport distances are orders of magnitudes larger than in oxide-based AFM 
insulators10,12-16, suggesting that a fundamentally different mechanism is at play.  
The basic operating principle and geometry of the device is illustrated in Fig. 1a-c9. It 
consists of a graphene sheet in the x-y plane with a series of separately contacted top gates that is 
placed in a large perpendicular magnetic field B. The central top gate VcTg is used to tune the 
graphene region underneath to ν=0, at which the ground state is an AFM insulator17-37. Zeeman 
coupling to the AFM order leads to A and B sublattice spins that are nearly in the x-y plane, but 
not quite oppositely oriented because of slight canting toward the field direction. The canting 
angle ! depends on the ratio of the Zeeman energy to the valley-flip isospin anisotropy energy, 
as explained below. To the left and right of the CAF state are the injection and detector regions, 
respectively, each consisting of a top-gated region flanked by two “bare” (non-top-gated) 
regions. During device operation, the filling factors of the left (right) top-gated regions are tuned 
to νinj=-1 (νdet=-1) at which the ground state is a ferromagnetic QH insulator with a conducting 
chiral edge channel that is fully spin-polarized opposite to the net magnetization direction, and 
the bare regions are tuned to ν=-2 which has a non-magnetic QH ground state that supports 
chiral edge channels of both spins.  In the injection region, a voltage bias Vbias is applied between 
the 2 “bare” regions so as to establish a chemical potential difference between the transmitted ↑ 
and reflected ↓ spin channels. When impinging upon the CAF region, the incident spin current at 
the left CAF interface can produce a spin transfer torque that favors the formation of spiral 
(Néel) spin textures that carry spin current collectively4,7,9,40. In the detector region, this spin 
current is converted into a spin-polarized charge current via a reciprocal process and measured as 
a non-local voltage Vnl between the two voltage probes attached to the two ν=-2 regions.  
 Because the magnetic states of graphene in the QH regime are susceptible to disorder18, 
realization of this proposal requires fabrication of devices of exceptional quality37.  With this 
goal, we have assembled a long monolayer encapsulated in hexagonal BN sheets (Fig. 1c). The 
heterostructure is constructed using a pick-up technique and coupled to Cr/Au electrodes via 1D 
edge contacts41. Three independent top gates are deposited on the device. The length L and with 
W of the central top gate, the CAF region during device operation, are ~ 5 µm and 2.5 µm, 
respectively. The charge densities of the 4 “bare” regions are controlled by the back-gate voltage 
VBg, while those of the top-gated regions are tuned by both back and top gates. Since each gate 
can be independently modulated, up to 4 different carrier densities can be created within the 
device. Moreover, every region is attached to 1-2 pairs of electrical leads, to enable its 
independent electrical characterization. In our best device, the delicate ferromagnetic QH state at 
ν=-1 is resolved at B>6T, and the base temperature longitudinal resistivity of the insulating ν=0 
state increases from 1 MΩ to 2.3 MΩ (Fig. 1d) when the magnetic field strength is increased 
from 13T to 18T.  
  Our main experimental findings are presented in Figs. 2a-c. We first explore spin 
transport by independently modulating the filling factors νinj and νdet of the top-gated injector and 
detector regions, while conserving ν=0 and ν=-2 states at the central top-gated and the bare 
regions, respectively.  We apply a bias voltage Vbias=0.4V while monitoring the non-local signal 
Vnl (see device configuration in Fig. 2d). Fig. 2a plots Vnl (color) at B=18T as νinj and νdet vary 
from -3 to +1. Prominent signals are observed only when both νinj and νdet are tuned to be close 
to ν=-1, i.e. only when the detecting and injecting regions contain spin-filters. The dark blue area 
for νdet>-0.5 signifies amplifier saturation when the right top-gated region enters the insulating 
AFM state. Figs. 2b-c show the individual line traces of Vnl for fixed νinj=-1 and fixed νdet=-1, 
respectively. The non-local signal detected across the 5 µm channel is exceedingly large, with a 
maximum amplitude of ~225 µV centered at νinj=νdet=-1.  
A number of different physical mechanisms could be responsible for the non-local signal: 
charge tunneling, percolation, drift or diffusion, a spin Seebeck effect carried by thermal 
magnons, or spin superfluidity in the easy-plane AFMI ν=0 channel. In the remaining portion of 
the manuscript, we present data that either supports or undermines these different scenarios.  We 
find that the spin-superfluidity mechanism is the one that is consistent with all of the data. 
If the non-local signal was due to charge transport, either via tunneling, percolation, drift 
or diffusion, one would expect that that Vnl would increase as the channel conductivity increases, 
since the charge could then more easily traverse the channel. When the magnetic field is reduced 
from 18T to 15T, the conductivity of the ν=0 channel increases by a factor of 1.4 (Fig. 1c).  
However, Vnl decreases by a factor of 2.8 to ~80 µV (yellow line trace, Fig. 2b). The decrease in 
Vnl as the ν=0 state becomes more conductive contradicts the trend expected from a charge 
leakage mechanism.  
To further confirm that the non-local signal arises from transport of a pure spin current 
through the AFM, we perform a control study in which the central region is tuned instead to the 
insulating ν=+2 state, which like the ν=-2 state has unpolarized chiral edge channels (Fig. 2f). 
The Vnl(νinj, νdet) map at B=18T (Fig. 2e) for this case indicates minimal response. Thus, the non-
local signal is small when any one of the 3 regions (the injector, the detector, or the center 
region) is tuned to a ν=-2 or ν=+2 state. Taken together, these control measurements demonstrate 
that non-local signals indeed arise from spin transport, and not drift, diffusion, or percolation of 
charge currents. 
We note that non-local signals at the Dirac point in graphene have been observed 
previously42, but differ dramatically in origin from those in the current work.  In ref. 42, the entire 
device is gated into the ν=0 state, and the non-local signals, which persisted at high temperature 
and low magnetic fields, were attributed to long-range flavor Hall effects, though they could also 
arise from magneto-thermoelectric effects43. In contrast, our devices are specifically configured 
with the ν=-2/-1/-2 regions for spin injection and detection, and the non-local signal appears only 
in the low-temperature, high-magnetic-field regime where the AFMI state forms. Moreover, our 
control measurements rule out the Zeeman spin and valley Hall effects. 
 We have also examined the dependence of the non-local signal on the bias voltage Vbias 
that controls the electro-chemical potential difference between the up and down spins in the 
injector. Here we apply the same top gate voltage to both injector and detector top gates, so that 
νinj=νdet throughout the measurements, while maintaining the “bare” regions at ν=-2 and the 
central top-gated region at ν=0. Fig. 3a presents Vnl as a function of Vbias and the filling factors of 
the injector and detector regions. As before, prominent signals are observed for νinj=νdet=-1. For 
Vbias>0, the signal is approximately linear in Vbias (Fig. 3b). The smallest value of Vbias at which 
non-local signal is first observed is <~0.01 V, and is limited by resolution of the sweep. This 
small Vbias value, together with the linear dependence, confirms that Joule heating is not a 
concern. On the other hand, since the non-local voltage is expected to be linear in Vbias for both 
spin superfluid and charge current mechanisms9, this observation does not on its own rule out 
either mechanism.  
 Finally, we compare the temperature dependence of the non-local signal with that of the 
QH effects. At B=18T, the magnitude of the non-local signal decreases with increasing T, and 
disappears at ~ 45 K. Since spin transport in our devices depends critically on the QH states in 
graphene, we also measure Rxx(VBg) at B=18T and temperatures ranging from 2.7 K to 85K. As 
illustrated in Fig. 3c, the ν=0 and ν=-2 states are very robust and remain well quantized even at 
T=85K. The ν=-1 state is more fragile; its Rxx increases with T and the QH effect is barely 
resolved when T increases to ~35 K. To compare the dependences of the QH states and the non-
local signal, in Fig. 3d we plot Rxx (right axis, blue triangles) and Vnl (left axis, red squares) 
versus temperature in Arrhenius scales as a function of 1/T. Both data sets can be satisfactorily 
fit to a thermal activation model, with characteristic temperatures of 23.8±2.2K and 24.8±2.4K, 
respectively. The similar temperature dependences strongly suggest that the non-local transport 
signals in the range of 2 to 40K are dependent on the spin-filtering action of the ν=-1 state, that 
enables both spin injection and detection. At the same time, the temperature dependence of Vnl is 
opposite to that expected from a spin Seebeck effect mediated by thermal magnons.  
We now further consider the two spin transport mechanisms mediated by magnetic order.  
Spins can be carried either by magnon quasiparticles or collectively in the form of spin 
supercurrents. In an ideal AFM, magnons do not carry spin. However, the magnetic order of the 
ν=0 QH state is slightly canted in the z-direction, so the z-injected spin current could drive 
magnons that diffuse across the AFMI, transporting spins from one end to the other. The spin 
carried by a magnon is proportional to the canting angle θ, which is very small. According to a 
previous study of the CAF state in graphene34, the ratio of the Zeeman energy to the valley-flip 
anisotropy energy is ~25, suggesting that θ <3°. Thus, canting-induced magnon transport of spin 
across the 5 µm AFMI is insignificant. Also, as noted above, the monotonic decline of the non-
local signals with increasing temperature is opposite to that expected from magnon-mediated 
transport, as magnons are thermally activated and should be more effective at higher 
temperatures.  
 Because of the above considerations, and the spin transport distance that is 103-104 times 
longer than previous studies of magnons in oxide-based AFMIs10,12-16, we conclude that a 
fundamentally different mechanism underlies our experimental results. Thus, we consider the 
only other known spin transport mechanism in an AFMI -- coherent Néel textures that allow 
superfluid transport of spins polarized in the z-direction (see Auxiliary Supplementary Materials 
for an animation of such spin transport). In the limit of large spin stiffness, efficient spin-
injection, and weak violation of valley-projected number conservation, the non-local voltage is 
predicted44 to satisfy 
 !!"!!!"#$ = !!"#!!"#!!"#!!"# + !!! !!ℎ ! !2!!!! !!!!!!!!(1) 
as the easy-plane ferromagnet case considered in Ref.44 and the easy-plane antiferromagnet case 
relevant here have identical spin-superfluid responses to injected spin-currents. Here ginj is the 
longitudinal conductance of the ν=-1 regions that is expected to be very close to e2/h, lB is the 
magnetic length, Finj is the efficiency factor for spin-injection, A is the area of the CAF region, 
and α is the magnetization damping parameter. To estimate Finj, it is important to consider how 
charge is carried along the perimeter of the ν=-2 regions, which are surrounded on three sides by 
ν=0 regions and therefore support two hole-like chiral edge channels. For boundaries between 
ν=-2 and vacuum these channels have spins polarized along and opposite to the magnetic field. 
However, for the critical boundary between the ν=-2 region and the ν=0 CAF, the edge channels 
in the narrow boundary limit will be those of the occupied quasiparticle states from the broken 
symmetry N=0 Landau level which have spin-polarization close to the x-y plane. Because these 
quasiparticles cannot carry z-polarized spins, !!"# can be close to 1 if the boundary can be made 
sharp.  Since, in our experiments !!"!!!"#$~10-4 and the CAF area A=12.5 µm2, we obtain from Eq. 
(1) that α ~10-2 !!!"#, consistent with α  values in the 10-4  to 10-2 !range typical of AFMs45-47. 
Magnetization damping in the ν=0 AFM state is likely due to decay channels opened up by 
density inhomogenities within the sample48,49.  
 The applied voltage, gate voltage, magnetic field, and temperature dependencies of the 
non-local voltage are all consistent with the mechanism of superfluid spin transport across a 5-
µm AFMI state. Other possible interpretations of our observations are contradicted by one or 
more trends of the data.  In particular, the decrease of Vnl by a factor of 2.8 when the magnetic 
field is decreased from 18T to 15T while the ν=0 state conductivity increases by a factor of 1.4 
rules out a simple charge leakage mechanism; the decrease of Vnl with increasing temperature 
rules out a spin Seebeck mechanism mediated by thermal magnons. Lastly, the manifestation of 
non-local signal only when the injector and detector are made spin-selective by introducing ν=-1 
regions and when the channel is tuned to the ν=0 AFM insulating state rules out the Zeeman spin 
and valley Hall effects. The negative signal at νdet=-3 (Fig. 2 a-b) is particularly intriguing, as it 
suggests a different spin texture in high LLs31. Taken together, we therefore attribute the 
observed robust non-local signal across the 5-µm AFMI state in graphene to collective spin 
transport.  
 In summary, using the ν=-1 spin polarized edge states as injectors and detectors, we 
demonstrated long-distance spin transport through the ν=0 insulating state in graphene, with all 
of the experimental evidence consistent with spin superfluid transport through an AFMI. 
Detection of a large, non-local signal over a distance of 5 µm is particularly exciting. The results 
also suggest that graphene as a remarkably tunable model system for investigating 
antiferromagnetic spintronics. Many open questions, such as the length, width and mobility 
dependence of the spin transport signals, the efficiency of the spin-injection mechanism and its 
dependence on gating geometry, the mechanisms for spin scattering and spin loss, the AFMI 
state in bilayer graphene with the additional layer degree of freedom, await experimental and 
theoretical investigation. 
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Fig. 1. Device geometry, operating principle and characterization. a. Schematics of spin 
transport through the ν=0 CAF state in graphene. The black, red and green arrows indicate Néel 
vectors of the AFM, polarization of transported spin, and direction of spin transport, 
respectively. b. Side-view schematic of device geometry. c. Optical image of the device. Scale 
bar = 5 µm. d. Rxx(Vbg) at the charge neutrality point for B=13T, 15T and 18T, respectively.  !!!!!!!!!!!!!!!!!!
  
Fig. 2. Non-local transport data at T=260 mK. a. Vnl(νinj, νdet) at B=18 T using the device 
configuration in (d), and line traces b. Vnl(νdet) at νinj=-1 and c. Vnl(νinj) at νdet=-1, respectively. 
The yellow curve in (b) is taken at B=15T. The line traces are offset by 30 µV to account for 
amplifier offset. (e-f). Vnl(νinj, νdet) at B=18 T when the central top-gated region is set to ν=2, 
using the device configuration in (f). 
!!!!
  
!ν inj = -1!
Fig. 3. Bias and temperature dependence of non-local signal. a. Vnl(Vbias, νdet) data at B=18T. b. 
A line cut Vnl(Vbias) along the dotted line. c. Rxx(VBg) at and B=18T and T=2.7, 5, 11, 14, 22, 27, 
35, 45, 55, 70 and 84K (bottom to top). d. Maximum non-local signal at νinj=νdet=-1 (left) and 
Rxx(T) of the ν=-1 state (right) plotted vs. 1/T on an Arrhenius scale. The solid lines are fits to 
thermal activation model. 
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